Abstract: Magnetic pulse welding (MPW) is often categorized as a cold welding technology, whereas latest studies evidence melted and rapidly cooled regions within the joining interface. These phenomena already occur at very low impact velocities, when the heat input due to plastic deformation is comparatively low and where jetting in the kind of a distinct material flow is not initiated. As another heat source, this study investigates the cloud of particles (CoP), which is ejected as a result of the high speed impact. MPW experiments with different collision conditions are carried out in vacuum to suppress the interaction with the surrounding air for an improved process monitoring. Long time exposures and flash measurements indicate a higher temperature in the joining gap for smaller collision angles. Furthermore, the CoP becomes a finely dispersed metal vapor because of the higher degree of compression and the increased temperature. These conditions are beneficial for the surface activation of both joining partners. A numerical temperature model based on the theory of liquid state bonding is developed and considers the heating due to the CoP as well as the enthalpy of fusion and crystallization, respectively. The time offset between the heat input and the contact is identified as an important factor for a successful weld formation. Low values are beneficial to ensure high surface temperatures at the time of contact, which corresponds to the experimental results at small collision angles.
Introduction
Dissimilar metal welding plays an important role in the fabrication of multi-material parts. Materials with different mechanical, physical, or chemical properties need to be joined in order to fulfill the requirements of lightweight structures and high endurance parts or to save costs. Conventional thermal joining technologies reach their limits because of the formation of brittle intermetallic phases during the welding process. Decreasing the heat input is expedient to generate sound welds and to sustain the properties of the base materials. Impact welding processes like explosive welding (EXW) and magnetic pulse welding (MPW) utilize the oblique high-speed collision between two metallic surfaces to achieve metallurgical connections [1] . MPW is a suitable joining technology for dissimilar 1. Investigate the influence of the flyer kinetics on the material flow. 2.
Study the influence of different collision conditions on the formation and properties of the jet or "cloud of particles" (CoP) and the corresponding thermal conditions in the joining gap. 3.
Build up a temperature model for the welding interface, based on the heat input by the CoP.
Materials and Methods

Nomenclature
Three different experimental setups and a numerical model with a multitude of parameters will be introduced in the following chapters. Table 1 lists all symbols that are used within this paper in order to shorten the captions of figures and tables. Inner resistance of the pulse generator ρ Density
Experiments
The material combination aluminum-steel was chosen for this study due to its relevance for current and future lightweight concepts in the transportation sector. For a good comparability with previous studies, the outer tube consists of the aluminum alloy EN AW-6060, while the inner rod is made of C45 [17, 22] . The chemical compositions of the alloys are given in Table 2 . Both parts were cleaned in ethanol before the joining experiments to remove debris from their surfaces. Table 2 . Aluminum EN AW-6060 alloy composition adapted from [23] and steel C45 (1.0503) alloy composition adapted from [24] .
Flyer Part EN AW-6060 1 3 adapted from [25] .
In the basic setup, MPW experiments with different charging energies were performed in order to identify the minimum energy required for a continuous weld seam along the circumference. Therefore, the setup depicted in Figure 1 was connected to two different pulse generators, resulting in two different resonant circuits with their characteristic values listed in Table 3 . The current I(t) was measured for each trial using a Rogowski current probe CWT 3000 B from Power Electronic Measurements Ltd. (Nottingham, UK) and the maximum current amplitude I max was evaluated. The pulse generator MPW 50/25 (Bmax, Toulouse, France) was connected to a single turn working coil, while the magnetic pressure at the EmGen setup was generated by a five-turn coil with a field shaper. During the high speed collision between the flyer and the parent part, a characteristic flash occurs which is called impact flash [26] . The time-dependent course of the light emission was measured with the flash measurement system described previously [22] . It was triggered by the current signal of the generator, where the rise of the current was defined as t = 0 µs, see schematic oscilloscope in Figure 1 . Thus, the starting time of the flash t f,start , its duration and maximum intensity were analyzed. The welding result was checked with a manual peel test at four positions at the circumference: 0 • , 90 • , 180 • and 270 • . The position at the slot of the coil (0 • ) is of special interest during process adjustment due to the reduced magnetic field intensity. However, the influence of the slot is limited to approximately 10% of the circumference. Hence, the metallographic analysis of the welding interface was performed at the opposed position (180 • ), since it is representative for almost the complete circumference [27] . Selected welding trials were performed with anodized flyer tubes (layer thickness 5 µm), which enable the reconstruction of the material flow [28] .
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In the basic setup, MPW experiments with different charging energies were performed in order to identify the minimum energy required for a continuous weld seam along the circumference. Therefore, the setup depicted in Figure 1 was connected to two different pulse generators, resulting in two different resonant circuits with their characteristic values listed in Table 3 . The current I(t) was measured for each trial using a Rogowski current probe CWT 3000 B from Power Electronic Measurements Ltd. (Nottingham, UK) and the maximum current amplitude Imax was evaluated. The pulse generator MPW 50/25 (Bmax, Toulouse, France) was connected to a single turn working coil, while the magnetic pressure at the EmGen setup was generated by a five-turn coil with a field shaper. During the high speed collision between the flyer and the parent part, a characteristic flash occurs which is called impact flash [26] . The time-dependent course of the light emission was measured with the flash measurement system described previously [22] . It was triggered by the current signal of the generator, where the rise of the current was defined as t = 0 µs, see schematic oscilloscope in Figure 1 . Thus, the starting time of the flash tf,start, its duration and maximum intensity were analyzed. The welding result was checked with a manual peel test at four positions at the circumference: 0°, 90°, 180° and 270°. The position at the slot of the coil (0°) is of special interest during process adjustment due to the reduced magnetic field intensity. However, the influence of the slot is limited to approximately 10% of the circumference. Hence, the metallographic analysis of the welding interface was performed at the opposed position (180°), since it is representative for almost the complete circumference [27] . Selected welding trials were performed with anodized flyer tubes (layer thickness 5 µm), which enable the reconstruction of the material flow [28] . The flyer kinetics at the lower process boundary were studied for both pulse generators with the modified setup shown in Figure 2 while the parameter d and, thus, the initial collision point was increased stepwise from zero to five millimeters from the flyer edge. After the flyer was sheared from the parent part, the length and location of the weld seam were measured at the 90 • , 180 • and 270 • position for each test. The flyer kinetics at the lower process boundary were studied for both pulse generators with the modified setup shown in Figure 2 while the parameter d and, thus, the initial collision point was increased stepwise from zero to five millimeters from the flyer edge. After the flyer was sheared from the parent part, the length and location of the weld seam were measured at the 90°, 180° and 270° position for each test. For the third experimental part, the MPW process was carried out in a vacuum chamber as depicted in Figure 3 , using the Bmax pulse generator. The surrounding pressure p, the collision length lc, the working length lw as well as the contour of the parent part were varied. The camera Canon EOS 700D with an exposure time of six seconds, a fixed aperture of F13 and the light intensity ISO 100 was placed behind a translucent Plexiglas disc to take longtime exposures and to identify the color of the process glare. The average R/G/B value of 5x5 pixels was converted to the 2-D xy-color chart. This enables the estimation of the temperature in the joining gap, if an ideal black body emission is assumed. Again, the flash measurement system was used to detect the temporal course of the light intensity. Furthermore, a translucent plastic disc was placed inside of the flyer tube to study the interaction with the jet or cloud of particles, respectively. Qualitative conclusions can be drawn from the location where the debris sticks on the disc or if the plastic sheet is fractured. Additionally, the locations of the jet residues at the inner flyer surfaces were analyzed. For the third experimental part, the MPW process was carried out in a vacuum chamber as depicted in Figure 3 , using the Bmax pulse generator. The surrounding pressure p, the collision length l c , the working length l w as well as the contour of the parent part were varied. The camera Canon EOS 700D with an exposure time of six seconds, a fixed aperture of F13 and the light intensity ISO 100 was placed behind a translucent Plexiglas disc to take longtime exposures and to identify the color of the process glare. The average R/G/B value of 5x5 pixels was converted to the 2-D xy-color chart. This enables the estimation of the temperature in the joining gap, if an ideal black body emission is assumed. Again, the flash measurement system was used to detect the temporal course of the light intensity. Furthermore, a translucent plastic disc was placed inside of the flyer tube to study the interaction with the jet or cloud of particles, respectively. Qualitative conclusions can be drawn from the location where the debris sticks on the disc or if the plastic sheet is fractured. Additionally, the locations of the jet residues at the inner flyer surfaces were analyzed. 
Numerical Simulations
The aim of the numerical investigations is to estimate the heating and cooling of the surfaces of the joining partners and predict the weldability based on the liquid state bonding theory. Experiments will be described in the following chapters, which reveal temperatures in the closing joining gap that are far beyond the fusion temperatures of both joining partners. The CoP is assumed to be a main heat source before the contact and, thus, the model should answer the question, whether liquid state bonding can occur under these conditions. Although the temperature of the CoP is experimentally estimated in this paper, its heat transfer to the surfaces is very hard to determine. The density or mass, respectively, and the surface coefficient for heat transfer are difficult to access and, thus, the strategy performed in [15, 29, 30] is applied: The amount of melted flyer and parent material is quantified in polished cross sections and serves as an upper boundary of the heat input. It is cross-checked with the kinetic flyer energy, which determines the overall limit of the introduced energy. Furthermore, the following assumptions were made for the model: 1. The thermal energy of the CoP is responsible for the surface activation before both joining partners get into contact. In order to simplify the numerical model, this is assumed to be the only heat source. The heat input by plastic deformation after the collision is not considered in the model. 2. The thermal energy of the CoP is equally distributed to both joining partner surfaces, which seems admissible for small collision angles. 3. At the welding interface, just solid and liquid phases are present at the time of contact. If the surface temperature would lead to vaporization before contact, the material in the gaseous phase would be pressed out of the joining gap together with the CoP during MPW, provided a sufficient collision angle. 4. The influence of the temperature on the materials' densities, heat capacities and thermal conductivities is not considered in the simulations. The one-dimensional numerical model for the calculation of the time-dependent surface temperatures was set up within the commercial software COMSOL Multiphysics® (Version 5.2, COMSOL Multiphysics GmbH, Goettingen, Germany). The model was simplified compared to the real MPW process that consists of three stages: The initial collision depicted in Figure 4a , the CoP formation, shown in Figure 4b and the movement of the collision point C, see Figure 4c . During the simulation, the flyer and parent parts were fixed with a constant gap of 2 µm, as shown in Figure 4d . The CoP formation was not implemented in the model, but its heat input to both joining partners as well as the heat losses by conduction in the parts were taken into account. In order to recreate the 
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1.
The thermal energy of the CoP is responsible for the surface activation before both joining partners get into contact. In order to simplify the numerical model, this is assumed to be the only heat source. The heat input by plastic deformation after the collision is not considered in the model.
2.
The thermal energy of the CoP is equally distributed to both joining partner surfaces, which seems admissible for small collision angles.
3.
At the welding interface, just solid and liquid phases are present at the time of contact. If the surface temperature would lead to vaporization before contact, the material in the gaseous phase would be pressed out of the joining gap together with the CoP during MPW, provided a sufficient collision angle.
4.
The influence of the temperature on the materials' densities, heat capacities and thermal conductivities is not considered in the simulations.
The one-dimensional numerical model for the calculation of the time-dependent surface temperatures was set up within the commercial software COMSOL Multiphysics ® (Version 5.2, COMSOL Multiphysics GmbH, Goettingen, Germany). The model was simplified compared to the real MPW process that consists of three stages: The initial collision depicted in Figure 4a , the CoP formation, shown in Figure 4b and the movement of the collision point C, see Figure 4c . During the simulation, the flyer and parent parts were fixed with a constant gap of 2 µm, as shown in Figure 4d . The CoP formation was not implemented in the model, but its heat input to both joining partners as well as the heat losses by conduction in the parts were taken into account. In order to recreate the moving contact point C during the real MPW process with the fixed joining partners, the following strategy was applied in the numerical model: During the surface activation by the CoP in Figure 4b , any heat transfer through the gap was suppressed. But then, at the contact time t con in the real MPW process, the heat conductivity of the gap was set to an extremely high value of 10 10 W/(mK) and, thus, the intimate contact between both joining partners as shown in Figure 4c was imitated without the need for moving parts or meshes within the simulation. The implemented temporal course of the heat input P and the contact time t con are depicted in Figure 4e . The following time steps were chosen for the numerical simulations: 0.02 µs for 0 µs < t < 10 µs and 0.5 µs for 10.5 µs < t < 100 µs. In order to study the temperature distribution in the close vicinity to the welding interface, the element size was set to 0.1 µm. Due to the one dimensional character of the model, the heat sources were defined with a certain area density at two points on both surfaces, see Figure 4d . During the simulations, different heat quantities Q S , heating times t heat and material combinations were investigated. The relevant material parameters are listed in Table 4 . The heating time at a certain point C strongly depends on the velocity of the CoP and the distance to the initial point of impact. Due to the accumulation of the CoP during the weld front propagation, the heat input and heating duration vary, too. Furthermore, a waiting time t wait was defined between the end of the heat input and the contact time t con . By setting t wait to 0 µs, the heat input generated by the CoP is transferred to the plates in the vicinity of the contact line. This corresponds to the case when the CoP and the collision point C have the same velocity. If the CoP travels faster than the collision point, the waiting time is increased in the simulation. This procedure abstracts the effects in the moving interaction zone of a real MPW process. Nevertheless, it simplifies the modeling and reveals the most relevant influencing factors. Of course, these parameters have to be transferred to the kinematic process variables like collision front velocity or collision angle in a further step. moving contact point C during the real MPW process with the fixed joining partners, the following strategy was applied in the numerical model: During the surface activation by the CoP in Figure 4b , any heat transfer through the gap was suppressed. But then, at the contact time tcon in the real MPW process, the heat conductivity of the gap was set to an extremely high value of 10 10 W/(mK) and, thus, the intimate contact between both joining partners as shown in Figure 4c was imitated without the need for moving parts or meshes within the simulation. The implemented temporal course of the heat input P and the contact time tcon are depicted in Figure 4e . The following time steps were chosen for the numerical simulations: 0.02 µs for 0 µs < t < 10 µs and 0.5 µs for 10.5 µs < t < 100 µs. In order to study the temperature distribution in the close vicinity to the welding interface, the element size was set to 0.1 µm. Due to the one dimensional character of the model, the heat sources were defined with a certain area density at two points on both surfaces, see Figure 4d . During the simulations, different heat quantities QS, heating times theat and material combinations were investigated. The relevant material parameters are listed in Table 4 . The heating time at a certain point C strongly depends on the velocity of the CoP and the distance to the initial point of impact. Due to the accumulation of the CoP during the weld front propagation, the heat input and heating duration vary, too. Furthermore, a waiting time twait was defined between the end of the heat input and the contact time tcon. By setting twait to 0 µs, the heat input generated by the CoP is transferred to the plates in the vicinity of the contact line. This corresponds to the case when the CoP and the collision point C have the same velocity. If the CoP travels faster than the collision point, the waiting time is increased in the simulation. This procedure abstracts the effects in the moving interaction zone of a real MPW process. Nevertheless, it simplifies the modeling and reveals the most relevant influencing factors. Of course, these parameters have to be transferred to the kinematic process variables like collision front velocity or collision angle in a further step. 
Results and Discussion
Effect of the Flyer Kinetics on the Material Flow
During the experimental study, the charging energy E was increased stepwise until a circumferential weld seam was proved in the manual peel test. The minimum radial impact velocity for the Bmax setup was measured via photon Doppler velocimetry (PDV) and found to be approximately 340 m/s [17] . The corresponding cross sections of the 180 • location are shown in Figure 5 and reveal small waves at the joining interface.
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During the experimental study, the charging energy E was increased stepwise until a circumferential weld seam was proved in the manual peel test. The minimum radial impact velocity for the Bmax setup was measured via photon Doppler velocimetry (PDV) and found to be approximately 340 m/s [17] . The corresponding cross sections of the 180° location are shown in Figure 5 and reveal small waves at the joining interface. Although the required energy at the EmGen machine was higher compared to the Bmax setup, the minimum radial impact velocity was lower at approximately 250 m/s. One of the reasons is the difference in the flyer forming and collision behavior, which heavily depends on the discharging frequency [17] . The welding interface is almost smooth, see Figure 6 . The application of a 5 µm thick anodized layer on the flyer tube prevented the welding effect at the EmGen setup on the same energy level, but enabled the reconstruction of the material flow. Figure 7a shows the fragmented anodized layer that mainly stayed on its original position. The flyer material has been extruded through the interspaces. At the end of the joining zone, this effect was significantly reduced.
(a) (b) Although the required energy at the EmGen machine was higher compared to the Bmax setup, the minimum radial impact velocity was lower at approximately 250 m/s. One of the reasons is the difference in the flyer forming and collision behavior, which heavily depends on the discharging frequency [17] . The welding interface is almost smooth, see Figure 6 .
Results and Discussion
Effect of the Flyer Kinetics on the Material Flow
(a) (b) Figure 6 . Polished cross section of the MPW sample joined with the EmGen setup (g = 1.5 mm, E = 22.7 kJ, I max = 113 kA, Ø coil = 41 mm, w c = 15 mm, l w = 6 mm, welding direction from left to right, v i,r ≈ 250 m/s calculated according to [22] with measured flash appearance time equal to 12.6 µs): (a) in the middle and (b) at the end of the joining zone.
The application of a 5 µm thick anodized layer on the flyer tube prevented the welding effect at the EmGen setup on the same energy level, but enabled the reconstruction of the material flow. Figure 7a shows the fragmented anodized layer that mainly stayed on its original position. The flyer material has been extruded through the interspaces. At the end of the joining zone, this effect was significantly reduced. The application of a 5 µm thick anodized layer on the flyer tube prevented the welding effect at the EmGen setup on the same energy level, but enabled the reconstruction of the material flow. Figure 7a shows the fragmented anodized layer that mainly stayed on its original position. The flyer material has been extruded through the interspaces. At the end of the joining zone, this effect was significantly reduced. [22] with measured flash appearance time equal to 12.6 µs): (a) in the middle (according to [17] ) and (b) at the end of the joining zone. [22] with measured flash appearance time equal to 12.6 µs): (a) in the middle (according to [17] ) and (b) at the end of the joining zone.
If the radial impact velocity was increased to 460 m/s, the anodized layer in the middle of the joining zone was completely removed and a sound weld was generated, see Figure 8a . At the end of the joining zone, the anodized layer was embedded into the flyer material, which illustrates the massive material flow in Figure 8b . This phenomenon can occur at high speed impact situations and is called "jet". Jetting is associated with a high degree of plastic deformation and surface enlargement. It is also often described as a prerequisite for the surface cleaning and removing of oxides before the surfaces get in contact. The experiments described so far give clear evidence that this large amount of plastic deformation is not required for successful MPW, unless certain surface layers have to be removed or roughness peaks to be overcome. Furthermore, welding with velocities below the "jetting"-regime requires less impact velocity, which is beneficial for the lifetime of the tool coils due to the reduced mechanical and thermal loads. Thus, it is worthwhile to analyze the physical conditions that enable MPW at the lower process boundary. If the radial impact velocity was increased to 460 m/s, the anodized layer in the middle of the joining zone was completely removed and a sound weld was generated, see Figure 8a . At the end of the joining zone, the anodized layer was embedded into the flyer material, which illustrates the massive material flow in Figure 8b . This phenomenon can occur at high speed impact situations and is called "jet". Jetting is associated with a high degree of plastic deformation and surface enlargement. It is also often described as a prerequisite for the surface cleaning and removing of oxides before the surfaces get in contact. The experiments described so far give clear evidence that this large amount of plastic deformation is not required for successful MPW, unless certain surface layers have to be removed or roughness peaks to be overcome. Furthermore, welding with velocities below the "jetting"-regime requires less impact velocity, which is beneficial for the lifetime of the tool coils due to the reduced mechanical and thermal loads. Thus, it is worthwhile to analyze the physical conditions that enable MPW at the lower process boundary. During all successful MPW experiments a flash was visible. In a former study, it was shown that the high velocity impact flash occurred approximately 0.5 µs after the initial impact [22] and it was correlated with the weld seam formation [34] . Thus, the flash detection was utilized as a measurement system for the parameter adjustment and quality assurance during MPW [28, 35] . The setup shown in Figure 2 was used to analyze the flyer kinetics and weld formation by increasing the parameter d stepwise from zero to five millimeters. Thus, the initial collision point was shifted and the effect on the flash appearance time and weld formation was studied. In Figure 9 , the average values of the flash appearance times are plotted for both MPW setups. The location of the slot of the coil or field shaper was not considered, since it differs significantly from the remaining circumference due to the reduced magnetic field intensity. The flash at the EmGen setup occurred more than 8 µs later. The measured flash appearance time of 19.5 µs corresponds to a radial impact velocity vi,r of approximately 160 m/s. Nevertheless, the gap closing time Δt is much smaller for the EmGen setup, which seems to be an important factor for the weld establishment at these comparatively low radial impact velocities. At the EmGen setup, no flash was detected for d = 5 mm and consequently, no weld seam was generated, see Figure 10 . An experiment with d = 10 mm, where the collision occurred between the flyer and the plastic spacer, did also not lead to an impact flash. This shows that the impact of the two metals itself must be responsible for the flash initiation and not the compressed air within the closing gap between the flyer and the plastic spacer due to the high speed compression. During all successful MPW experiments a flash was visible. In a former study, it was shown that the high velocity impact flash occurred approximately 0.5 µs after the initial impact [22] and it was correlated with the weld seam formation [34] . Thus, the flash detection was utilized as a measurement system for the parameter adjustment and quality assurance during MPW [28, 35] . The setup shown in Figure 2 was used to analyze the flyer kinetics and weld formation by increasing the parameter d stepwise from zero to five millimeters. Thus, the initial collision point was shifted and the effect on the flash appearance time and weld formation was studied. In Figure 9 , the average values of the flash appearance times are plotted for both MPW setups. The location of the slot of the coil or field shaper was not considered, since it differs significantly from the remaining circumference due to the reduced magnetic field intensity. The flash at the EmGen setup occurred more than 8 µs later. The measured flash appearance time of 19.5 µs corresponds to a radial impact velocity v i,r of approximately 160 m/s. Nevertheless, the gap closing time ∆t is much smaller for the EmGen setup, which seems to be an important factor for the weld establishment at these comparatively low radial impact velocities. At the EmGen setup, no flash was detected for d = 5 mm and consequently, no weld seam was generated, see Figure 10 . An experiment with d = 10 mm, where the collision occurred between the flyer and the plastic spacer, did also not lead to an impact flash. This shows that the impact of the two metals itself must be responsible for the flash initiation and not the compressed air within the closing gap between the flyer and the plastic spacer due to the high speed compression. After the MPW experiment, the flyer was sheared from the parent part and the average weld seam length l and its location were measured for each test, see Figure 10 . The weld starts 1.2 mm after the first contact between flyer and parent, at the earliest. If the point of the initial metal impact was postponed by the parameter d, the weld formation was shifted, too. Thus, it seems reasonable that the high speed impact between the metallic partners and the corresponding impact flash are closely related to another necessary welding criterion, most likely the surface activation of the adjacent areas to be welded. Basically, the necessity of the surface activation before welding is in good correlation with the "traditional" view of the role of the jetting effect and the corresponding surface enlargement. However, as shown in the first experiments, MPW is also possible at lower impact velocities where After the MPW experiment, the flyer was sheared from the parent part and the average weld seam length l and its location were measured for each test, see Figure 10 . The weld starts 1.2 mm after the first contact between flyer and parent, at the earliest. If the point of the initial metal impact was postponed by the parameter d, the weld formation was shifted, too. Thus, it seems reasonable that the high speed impact between the metallic partners and the corresponding impact flash are closely related to another necessary welding criterion, most likely the surface activation of the adjacent areas to be welded. Basically, the necessity of the surface activation before welding is in good correlation with the "traditional" view of the role of the jetting effect and the corresponding surface enlargement. However, as shown in the first experiments, MPW is also possible at lower impact velocities where After the MPW experiment, the flyer was sheared from the parent part and the average weld seam length l and its location were measured for each test, see Figure 10 . The weld starts 1.2 mm after the first contact between flyer and parent, at the earliest. If the point of the initial metal impact was postponed by the parameter d, the weld formation was shifted, too. Thus, it seems reasonable that the high speed impact between the metallic partners and the corresponding impact flash are closely related to another necessary welding criterion, most likely the surface activation of the adjacent areas to be welded.
Basically, the necessity of the surface activation before welding is in good correlation with the "traditional" view of the role of the jetting effect and the corresponding surface enlargement. However, as shown in the first experiments, MPW is also possible at lower impact velocities where jetting and material flow are not initiated. To explain these findings, the mechanism presented by Deribas [6] and Ishutkin [5] seems to be a reasonable approach. They identified the appearance of a "cloud of particles" (CoP) at lower impact velocities. Obviously, the CoP plays an important role at the MPW process and, thus, it seems worthwhile to study this phenomenon in detail. The following section describes the investigation of the CoP with modified MPW experiments.
Characteristics of the "Cloud of Particles" (CoP)
The setup depicted in Figure 3 was used for a comprehensive investigation and characterization of the CoP. Therefore, the influence of the collision conditions on the appearance of the CoP and effect on the weld formation was studied. Furthermore, attendant effects like residues on the flyer and tempering colors on the parent surfaces outside the joining zone were recorded, see Figure 11 . jetting and material flow are not initiated. To explain these findings, the mechanism presented by Deribas [6] and Ishutkin [5] seems to be a reasonable approach. They identified the appearance of a "cloud of particles" (CoP) at lower impact velocities. Obviously, the CoP plays an important role at the MPW process and, thus, it seems worthwhile to study this phenomenon in detail. The following section describes the investigation of the CoP with modified MPW experiments.
The setup depicted in Figure 3 was used for a comprehensive investigation and characterization of the CoP. Therefore, the influence of the collision conditions on the appearance of the CoP and effect on the weld formation was studied. Furthermore, attendant effects like residues on the flyer and tempering colors on the parent surfaces outside the joining zone were recorded, see Figure 11 . A chamber was designed that enables MPW experiments on the Bmax-setup at different surrounding pressures. The maximum intensity of the process glare in vacuum is significantly reduced compared to the process in ambient atmosphere, see also [36] . Nevertheless, it is still visible, as shown in Figure 12 .
The rise time until the intensity reached its maximum at ambient atmosphere was 0.4 µs and it increased up to 3 µs in vacuum, see Figure 15 . Since welding was possible in both cases, it can be concluded that a surrounding gas is not mandatory for welding. Probably, the CoP is formed at the initial impact, independent of the surrounding medium. The density of the medium in the joining gap determines the velocity of the jet [37] and it seems likely that shock compression of the surrounding gas occurs, which leads to the immediate light emission [16] . Furthermore, the shock compressed gas is the reason for the complete fracture of the first plastic disc during MPW in ambient atmosphere. In vacuum, there is no interaction with other gases and the CoP expands freely in the welding direction. At the same time, the residues at the inside of the flyer tube are noticeably increased, as well as the intensity of the tempering colors at the parent part. The starting time of the flash was almost identical for p = 1000 mbar (tf,start = 11.07 µs) and p = 0.1 mbar (tf,start = 10.96 µs). Thus, the flyer forming behavior is assumed to be independent of the gas pressure p. A chamber was designed that enables MPW experiments on the Bmax-setup at different surrounding pressures. The maximum intensity of the process glare in vacuum is significantly reduced compared to the process in ambient atmosphere, see also [36] . Nevertheless, it is still visible, as shown in Figure 12 .
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The rise time until the intensity reached its maximum at ambient atmosphere was 0.4 µs and it increased up to 3 µs in vacuum, see Figure 15 . Since welding was possible in both cases, it can be concluded that a surrounding gas is not mandatory for welding. Probably, the CoP is formed at the initial impact, independent of the surrounding medium. The density of the medium in the joining gap determines the velocity of the jet [37] and it seems likely that shock compression of the surrounding gas occurs, which leads to the immediate light emission [16] . Furthermore, the shock compressed gas is the reason for the complete fracture of the first plastic disc during MPW in ambient atmosphere. In vacuum, there is no interaction with other gases and the CoP expands freely in the welding direction. At the same time, the residues at the inside of the flyer tube are noticeably increased, as well as the intensity of the tempering colors at the parent part. The starting time of the flash was almost identical for p = 1000 mbar (tf,start = 11.07 µs) and p = 0.1 mbar (tf,start = 10.96 µs). Thus, the flyer forming behavior is assumed to be independent of the gas pressure p. The CoP formation was analyzed at p = 0.1 mbar by varying the collision length lc between 1 and 3 mm. Similar to [22] , at ambient atmosphere, no flash was detectible at a collision length of 1 mm. No debris was deposited on the first plastic disc, as seen in Figure 13a . An increase of the collision length to 3 mm lead to a process glare, contaminants on the first plastic disc as depicted in Figure 13b The rise time until the intensity reached its maximum at ambient atmosphere was 0.4 µs and it increased up to 3 µs in vacuum, see Figure 15 . Since welding was possible in both cases, it can be concluded that a surrounding gas is not mandatory for welding. Probably, the CoP is formed at the initial impact, independent of the surrounding medium. The density of the medium in the joining gap determines the velocity of the jet [37] and it seems likely that shock compression of the surrounding gas occurs, which leads to the immediate light emission [16] . Furthermore, the shock compressed gas is the reason for the complete fracture of the first plastic disc during MPW in ambient atmosphere. In vacuum, there is no interaction with other gases and the CoP expands freely in the welding direction. At the same time, the residues at the inside of the flyer tube are noticeably increased, as well as the intensity of the tempering colors at the parent part. The starting time of the flash was almost identical for p = 1000 mbar (t f,start = 11.07 µs) and p = 0.1 mbar (t f,start = 10.96 µs). Thus, the flyer forming behavior is assumed to be independent of the gas pressure p.
The CoP formation was analyzed at p = 0.1 mbar by varying the collision length l c between 1 and 3 mm. Similar to [22] , at ambient atmosphere, no flash was detectible at a collision length of 1 mm. No debris was deposited on the first plastic disc, as seen in Figure 13a . An increase of the collision length to 3 mm lead to a process glare, contaminants on the first plastic disc as depicted in Figure 13b and tempering colors on the parent part. Thus, the CoP was formed and heated up between 1 and 3 mm after the initial impact. The collision length l c was set to 3 mm for the following experiments. The CoP formation was analyzed at p = 0.1 mbar by varying the collision length lc between 1 and 3 mm. Similar to [22] , at ambient atmosphere, no flash was detectible at a collision length of 1 mm. No debris was deposited on the first plastic disc, as seen in Figure 13a . An increase of the collision length to 3 mm lead to a process glare, contaminants on the first plastic disc as depicted in Figure 13b and tempering colors on the parent part. Thus, the CoP was formed and heated up between 1 and 3 mm after the initial impact. The collision length lc was set to 3 mm for the following experiments. After investigating the CoP initiation at constant collision conditions, the appearance at different impact velocities and angles was studied systematically. Again, the process glare and attendant phenomena were recorded and compared, see Figure 14 .
The collision angle was decreased by increasing the working length lw. The intensity of the process glare increased significantly and finally its color changed from red to light blue for lw = 8 mm. The first plastic disc fractured at the outer circumference at the largest collision angle at lw = 4 mm and no weld was achieved. Furthermore, a circular crater was left at the second translucent plastic disc resulting from the harsh impact of single ejected particles that were guided by the inner flyer contour (see Figure 11) . At a working length lw of 6 mm, a weld was generated. The marks at the first plastic disc and the inner flyer tube indicate a more vapor-like appearance of the CoP, since the residues are homogeneously distributed. This trend is continued for lw = 8 mm. Here, the first plastic disc is almost clean, but the inside of the flyer tube is uniformly covered with a dark grey layer. Assuming an ideal black body emission, the R/G/B values enable the estimation of the CoP temperature. It is increased from 5500 K (lw = 6 mm) to 8000 K (lw = 8 mm), which is also reflected by the tempering colors of the parent parts. Due to the increased density of the CoP within the smaller volume of the joining gap, the heating, the fine dispersion of the CoP and, finally, the weld formation are supported. Similar effects were detected in the MPW experiment with increased charging energy E = 6.5 kJ, see Figure 14d . Here, the CoP was finely dispersed and on a high temperature level, too. The rise of the light intensity is shown in Figure 15 by the dotted line. The time interval Δt between the formation of the CoP and the reaction with the first plastic disc is much shorter than in the reference experiment with E = 4.5 kJ. Thus, the average velocity of the CoP is higher and in the order of 10 km/s. After investigating the CoP initiation at constant collision conditions, the appearance at different impact velocities and angles was studied systematically. Again, the process glare and attendant phenomena were recorded and compared, see Figure 14 .
The collision angle was decreased by increasing the working length l w . The intensity of the process glare increased significantly and finally its color changed from red to light blue for l w = 8 mm. The first plastic disc fractured at the outer circumference at the largest collision angle at l w = 4 mm and no weld was achieved. Furthermore, a circular crater was left at the second translucent plastic disc resulting from the harsh impact of single ejected particles that were guided by the inner flyer contour (see Figure 11) . At a working length l w of 6 mm, a weld was generated. The marks at the first plastic disc and the inner flyer tube indicate a more vapor-like appearance of the CoP, since the residues are homogeneously distributed. This trend is continued for l w = 8 mm. Here, the first plastic disc is almost clean, but the inside of the flyer tube is uniformly covered with a dark grey layer. Assuming an ideal black body emission, the R/G/B values enable the estimation of the CoP temperature. It is increased from 5500 K (l w = 6 mm) to 8000 K (l w = 8 mm), which is also reflected by the tempering colors of the parent parts. Due to the increased density of the CoP within the smaller volume of the joining gap, the heating, the fine dispersion of the CoP and, finally, the weld formation are supported. Similar effects were detected in the MPW experiment with increased charging energy E = 6.5 kJ, see Figure 14d . Here, the CoP was finely dispersed and on a high temperature level, too. The rise of the light intensity is shown in Figure 15 by the dotted line. The time interval ∆t between the formation of the CoP and the reaction with the first plastic disc is much shorter than in the reference experiment with E = 4.5 kJ. Thus, the average velocity of the CoP is higher and in the order of 10 km/s. Chamfers at the parent part as depicted in Figure 3 lead to the destruction of the first plastic disc, a weaker process glare and a non-weld for α = 10° (see Figure 14e,f) . In these cases, the degree of CoP compression and, thus, the temperature were lower. Chamfers at the parent part as depicted in Figure 3 lead to the destruction of the first plastic disc, a weaker process glare and a non-weld for α = 10° (see Figure 14e,f) . In these cases, the degree of CoP compression and, thus, the temperature were lower. Chamfers at the parent part as depicted in Figure 3 lead to the destruction of the first plastic disc, a weaker process glare and a non-weld for α = 10 • (see Figure 14e ,f). In these cases, the degree of CoP compression and, thus, the temperature were lower.
Temperature Model
Although the temperature of the CoP was estimated in the previous chapter, the quantification of the heat transfer to the surfaces is still difficult since the density or mass of the CoP, as well as the surface coefficient for heat transfer, are hard to access. The knowledge of the heat input is essential for the following temperature model and, thus, a strategy based on the metallographic analysis of the welding result is applied. In a first step, the macroscopic distortion of the flyer tube and the parent part after MPW was analyzed as shown in Figure 16a . The initial wall thickness of 2 mm was reduced to 1.4 mm next to the initial impact zone of the free flyer edge and increased to 2.3 mm at the end of the close-fit zone. The indentation depth of the flyer into the parent was measured in analogy with [27] at different positions in the welding direction. The maximum value of 44 µm was found to be 0.5 mm behind the beginning of the welded zone and clearly below 10 µm at the end of the welded zone. At other MPW samples, the weld seams were even well established at positions without any indentation of the flyer into the parent material. Thus, plastic deformation might not be a necessary welding criterion, but is just a side effect of the high speed collision. In a second step and in order to study the thermal effects as another important welding criterion, the amount of melted flyer and parent material is quantified in polished cross sections. This value can vary along the welding direction, depending on the prevalent collision conditions as shown in Figure 16 . The weld seam exhibits an almost smooth interface next to the start of the weld seam in Figure 16b and a characteristic wavy shape at the end of the welded zone in Figure 16c . The cross section of the pocket highlighted in Figure 16d is equal to a continuous melted layer with a thickness of approximately 6 µm. There are a few single iron particles visible in this pocket. As a consequence of the extreme high cooling rates that occur during welding, the volume in the pocket is "frozen" in a non-equilibrium state. Thus, a mixture of different phases can occur, including non-stoichiometric or metastable phases as reported by Bataev et al. [9] for different material combinations joined by EXW. Although the metallurgy was not studied in detail here, it is very likely that these types of phases occurred, too. The analysis of the chemical composition revealed an average ratio of 80 weight percent aluminum and 20 weight percent iron at the position of the line scans indicated in Figure 16d . Based on this ratio, the mass of molten aluminum m Al per area A can be derived from Equations (1) to (6) , where b is the equivalent thickness of the molten layer, m the mass, V the volume, and ρ the density of aluminum, iron, or both elements, respectively. For this calculation, the material specific values in Table 4 mAl/m = mAl/(mAl + mFe) = 0.8 (1) 
Now, the maximum heat input QAl per area needed for the melting of aluminum can be calculated by applying Equations (7) and (8), taking the enthalpy of fusion ΔHfus into account, and assuming a temperature-independent heat capacity c. Furthermore, the highest reachable temperature is the boiling temperature of the material, since possible metal vapor is assumed to be spewed out of the joining gap.
QAl/A = mAl/A × (cAl × ΔT + ΔHfus) = 38.7 kJ/m 2 (QFe/A = 6.2 kJ/m 2 ) [31] (7)
The total heat input Q per area is now calculated according to (9) and is in good accordance with previous publications [15] . Now, the maximum heat input Q Al per area needed for the melting of aluminum can be calculated by applying Equations (7) [31] and (8) , taking the enthalpy of fusion ∆H fus into account, and assuming a temperature-independent heat capacity c. Furthermore, the highest reachable temperature is the boiling temperature of the material, since possible metal vapor is assumed to be spewed out of the joining gap. 
∆T
The total heat input Q per area is now calculated according to (9) and is in good accordance with previous publications [15] .
To add plausibility to this calculated value, the kinetic energy of a flyer with a thickness s of 1.5 mm and a radial impact velocity v i,r of 340 m/s according to Figure 5 by Equation (10) [31] . In this case, the total heat input is approximately one fifth of the kinetic flyer energy.
The total heat input calculated in (9) serves as an upper boundary in the one-dimensional thermodynamic COMSOL model and is assumed to be distributed equally to both surfaces. Thus, half of the total heat input Q is introduced into the aluminum and steel surfaces, respectively, and named as Q S .
In the following section, the influence of certain input parameters for the numerical simulations is described. In each diagram, the results of a reference setup with the parameters given in Table 5 , are plotted for a better comparison. Here, the maximum heat quantity is introduced into the surfaces within 0.5 µs, followed by an immediate contact of both joining partners. In the first simulation, the influence of the phase transitions on the surface temperatures was investigated, see Figure 17 . The surface temperatures during the heating stage are almost identical, while they differ significantly during the cooling stage, exactly at the time when the melting point of aluminum is reached, approximately 1 µs after the contact t con . The interface stays in the liquid phase for 0.6 µs, before the temperature decreases. This period might be critical for thin flyers, since the bounce-back effect occurs quite early.
total heat input is approximately one fifth of the kinetic flyer energy.
The total heat input calculated in (9) serves as an upper boundary in the one-dimensional thermodynamic COMSOL model and is assumed to be distributed equally to both surfaces. Thus, half of the total heat input Q is introduced into the aluminum and steel surfaces, respectively, and named as QS.
In the following section, the influence of certain input parameters for the numerical simulations is described. In each diagram, the results of a reference setup with the parameters given in Table 5 , are plotted for a better comparison. Here, the maximum heat quantity is introduced into the surfaces within 0.5 µs, followed by an immediate contact of both joining partners. In the first simulation, the influence of the phase transitions on the surface temperatures was investigated, see Figure 17 . The surface temperatures during the heating stage are almost identical, while they differ significantly during the cooling stage, exactly at the time when the melting point of aluminum is reached, approximately 1 µs after the contact tcon. The interface stays in the liquid phase for 0.6 µs, before the temperature decreases. This period might be critical for thin flyers, since the bounce-back effect occurs quite early. In Figure 18 , the heat quantity Q S is reduced to 9100 J/m 2 at each surface, which was identified as a lower boundary in the analytical investigation of the melted volume in the interface. This value is insufficient to reach the melting temperature of steel and, thus, welding in the liquid phase is probably hindered.
In Figure 18 , the heat quantity QS is reduced to 9100 J/m 2 at each surface, which was identified as a lower boundary in the analytical investigation of the melted volume in the interface. This value is insufficient to reach the melting temperature of steel and, thus, welding in the liquid phase is probably hindered. Since the heating time theat of the CoP is hard to assess experimentally, the influence was studied in the numerical simulation, see Figure 19 . The increase of the heating time to 1 µs at a constant heat quantity leads to lower maximum temperatures after the heating period. Nevertheless, both materials are in the liquid phase at the time of contact tcon and show a similar cooling behavior like the reference setup. The waiting time twait between the end of the heating and the contact tcon was identified as an important factor. The cooling rate of the steel surface in the numerical simulation is in the order of Since the heating time t heat of the CoP is hard to assess experimentally, the influence was studied in the numerical simulation, see Figure 19 . The increase of the heating time to 1 µs at a constant heat quantity leads to lower maximum temperatures after the heating period. Nevertheless, both materials are in the liquid phase at the time of contact t con and show a similar cooling behavior like the reference setup.
as a lower boundary in the analytical investigation of the melted volume in the interface. This value is insufficient to reach the melting temperature of steel and, thus, welding in the liquid phase is probably hindered. Since the heating time theat of the CoP is hard to assess experimentally, the influence was studied in the numerical simulation, see Figure 19 . The increase of the heating time to 1 µs at a constant heat quantity leads to lower maximum temperatures after the heating period. Nevertheless, both materials are in the liquid phase at the time of contact tcon and show a similar cooling behavior like the reference setup. The waiting time twait between the end of the heating and the contact tcon was identified as an important factor. The cooling rate of the steel surface in the numerical simulation is in the order of The waiting time t wait between the end of the heating and the contact t con was identified as an important factor. The cooling rate of the steel surface in the numerical simulation is in the order of 10 9 K/s and, thus, it is solidified approximately 0.3 µs after the heating time. Figure 20 shows that a waiting time of 2 µs and even 1 µs until contact is too long for a liquid phase bonding, since the steel surface is already solidified at t con1 and t con2 , respectively. The immediate contact after heating is necessary for this material combination, which corresponds to short gap closing times, high collision front velocities, or small collision angles, respectively. As explained in the previous chapter, this is linked to an increased compression of the CoP and, thus, higher temperatures in the joining gap and heat input to both surfaces. 10 9 K/s and, thus, it is solidified approximately 0.3 µs after the heating time. Figure 20 shows that a waiting time of 2 µs and even 1 µs until contact is too long for a liquid phase bonding, since the steel surface is already solidified at tcon1 and tcon2, respectively. The immediate contact after heating is necessary for this material combination, which corresponds to short gap closing times, high collision front velocities, or small collision angles, respectively. As explained in the previous chapter, this is linked to an increased compression of the CoP and, thus, higher temperatures in the joining gap and heat input to both surfaces. The last set of simulations investigated the influence of the flyer material. The results for copper and C45 as flyer materials are plotted in Figure 21 . From the theoretical point of view, liquid state bonding can be achieved in both cases. The surface of the copper reaches the melting temperature at the time of contact tcon and enables a very fast cooling due to the high heat conductivity. The similar material combination C45 to C45 fulfills the requirements for liquid state bonding as well. Nevertheless, to establish a CoP with the same heat input like in the reference setup aluminum to steel, a higher impact velocity is needed due to the increased hardness of both joining partners. In such configurations, a soft interlayer material as described in [38] might be beneficial to reach a strong CoP at lower impact velocities. The last set of simulations investigated the influence of the flyer material. The results for copper and C45 as flyer materials are plotted in Figure 21 . From the theoretical point of view, liquid state bonding can be achieved in both cases. The surface of the copper reaches the melting temperature at the time of contact t con and enables a very fast cooling due to the high heat conductivity. The similar material combination C45 to C45 fulfills the requirements for liquid state bonding as well. Nevertheless, to establish a CoP with the same heat input like in the reference setup aluminum to steel, a higher impact velocity is needed due to the increased hardness of both joining partners. In such configurations, a soft interlayer material as described in [38] might be beneficial to reach a strong CoP at lower impact velocities. 10 K/s and, thus, it is solidified approximately 0.3 µs after the heating time. Figure 20 shows that a waiting time of 2 µs and even 1 µs until contact is too long for a liquid phase bonding, since the steel surface is already solidified at tcon1 and tcon2, respectively. The immediate contact after heating is necessary for this material combination, which corresponds to short gap closing times, high collision front velocities, or small collision angles, respectively. As explained in the previous chapter, this is linked to an increased compression of the CoP and, thus, higher temperatures in the joining gap and heat input to both surfaces. The last set of simulations investigated the influence of the flyer material. The results for copper and C45 as flyer materials are plotted in Figure 21 . From the theoretical point of view, liquid state bonding can be achieved in both cases. The surface of the copper reaches the melting temperature at the time of contact tcon and enables a very fast cooling due to the high heat conductivity. The similar material combination C45 to C45 fulfills the requirements for liquid state bonding as well. Nevertheless, to establish a CoP with the same heat input like in the reference setup aluminum to steel, a higher impact velocity is needed due to the increased hardness of both joining partners. In such configurations, a soft interlayer material as described in [38] might be beneficial to reach a strong CoP at lower impact velocities. The results of the numerical simulations could be stated more precisely, if some of the input data would have been accessible during the experiments. Nevertheless, this numerical parameter study revealed the most important factors for MPW. An extension of the model will also include the reaction enthalpy for dissimilar metal welding, which was previously found to be beneficial for the weld formation at the lower process boundary [18] . Furthermore, the combination with mechanical models that predict the time of bounce back effects will allow for a comprehensive prediction of the welding result.
Research Highlights
1.
The experiments showed that jetting in the type of a strong material flow is not mandatory for a successful MPW process. A cloud of particles (CoP), which is ejected during the impact with lower velocities, enables welding, too. Compared to the "real" jet in the style of a massive material flow at higher impact velocities, the CoP cannot remove thick surface layers or facilitate welding with rough surfaces. In this case, an adapted surface preparation and cleaning process is essential to ensure a sufficient surface activation. 2.
The appearance of the CoP and its effect on the weld formation is determined by the prevalent collision conditions, especially the collision angle. This factor can be adjusted by various machine related factors and the part geometries. Vacuum experiments show that the CoP is established during the first metal to metal impact with a certain minimum impact velocity. Afterwards, it is compressed in the closing joining gap, successively heated up and finally ejected in welding direction.
3.
For small collision angles, the level of compression and the internal friction of the CoP are higher and, thus, the temperature in the joining gap increases. In this configuration, the CoP is finely distributed like a metal vapor, which activates the surfaces of the joining partners homogeneously and can be seen inside the flyer tube after the experiment. If the collision angle is increased, the temperature decreases and single macroscopic particles are ejected. These particles seem to have a reduced surface activation effect, compared to the finely dispersed metal vapor described previously and thus, inhibit welding. 4.
These findings allow for an optimization of the energy input during MPW. If a small collision angle is ensured, the initial impact velocity can be reduced. Thus, less mechanical energy is required for the forming process and the loading on the tool coils is reduced with positive effects on their lifetime.
5.
Normally, the MPW process is performed in ambient atmosphere, where the free CoP ejection is hindered by the surrounding air. This leads to a shock compression and sudden heat up of the gas and results in a very strong process glare. This strong lightning can be utilized for the quality assurance during industrial production [39] . 6.
The numerical simulations of the surface temperatures of both joining partners revealed a strong influence of the waiting time between the end of the heat input by the CoP and the contact of both joining partners. Especially for dissimilar metal welding, this time needs to be very low to avoid solidification before the contact. This finding is important for the theory of liquid state bonding and in good correlation with the experimental results. Small collision angles, or gap closing times, respectively, are beneficial for the weld formation during MPW.
Patents
The flash measurement system enables the parameter identification and quality assurance during production. It was patented for different impact welding processes [39, 40] . 
